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LQWHUQDOQXFOHDWLRQ )ROORZLQJWKHH[SHULPHQWDOHYLGHQFHQHZSKHQRPHQRORJLFDOPRGHOVZHUHLQWURGXFHG>@IRU




LQYHVWLJDWHG >@([SHULPHQWDO UHVXOWV VKRZHG WKDW VSHFLPHQ VL]H DQG LQSDUWLFXODU VSHFLPHQ ULVNYROXPH 59
YROXPHRIPDWHULDOVXEMHFWHGWRDVWUHVVDPSOLWXGHDERYHWKHRIWKHPD[LPXPVWUHVVVLJQLILFDQWO\LQIOXHQFHV
WKH9+&)VWUHQJWKRIKLJKVWUHQJWKVWHHOVWKHODUJHUWKH59WKHODUJHUWKHSUREDELOLW\RIILQGLQJODUJHULQFOXVLRQV
DQG LQ DJUHHPHQWZLWK WKH0XUDNDPL¶V WKHRU\ >@ WKH VPDOOHU WKH9+&) VWUHQJWK7KHUHIRUH IRU D FRQVHUYDWLYH
HYDOXDWLRQRI WKH9+&)VWUHQJWK9+&) WHVWV VKRXOGEH FDUULHGRXWRQ VSHFLPHQVZLWK D59FORVH WR WKH59RI
FRPSRQHQWVLQVHUYLFHFRQGLWLRQV+RZHYHUDVLJQLILFDQWLQFUHPHQWRI59DERYH PP LVQRWSRVVLEOHZLWK
FRPPRQVSHFLPHQVKDSHVKRXUJODVVRUGRJERQHXVHGIRUXOWUDVRQLFWHVWV>@OLPLWHG59VOHVVWKDQ PP 
FDQ EH WHVWHG ZLWK KRXUJODVV VSHFLPHQV DQG PRGHUDWH 59V OHVV WKDQ PP  FDQ EH WHVWHG ZLWK GRJERQH
VSHFLPHQV
$IXUWKHULQFUHPHQWRIWKH59LQGRJERQHVSHFLPHQLVSUHYHQWHGE\WKHQRQXQLIRUPVWUHVVGLVWULEXWLRQDORQJWKH





XOWUDVRQLFWHVWVZHUHSHUIRUPHGRQ*DXVVLDQVSHFLPHQVFKDUDFWHUL]HGE\DODUJH59DERXW   PP WKHODUJHVW
WHVWHG LQ WKH OLWHUDWXUH +RXUJODVV VSHFLPHQV ZLWK D OLPLWHG 59 DERXW   PP  ZHUH DOVR WHVWHG )UDFWXUH






tK   6WUHVVFRQFHQWUDWLRQIDFWRU
2'$  2SWLFDOO\'DUN$UHD
area   VTXDUHURRWRIWKHSURMHFWHGDUHDRIWKHGHIHFWWKDWRULJLQDWHGWKHIDLOXUH
Vw   9+&)OLPLW
HV   9LFNHUVKDUGQHVV
INC ODAarea  VTXDUHURRWRIWKHDUHDGHOLPLWHGE\WKHLQFOXVLRQDQGWKH2'$
Vw h   9+&)OLPLWHVWLPDWHGE\WHVWLQJKRXUJODVVVSHFLPHQV








XOWUDVRQLF 9+&) WHVWV +RXUJODVV VSHFLPHQV FKDUDFWHUL]HG E\ D PP ULVNYROXPH DQG *DXVVLDQ VSHFLPHQV
FKDUDFWHUL]HG E\ D PP 59ZHUHPDQXIDFWXUHG )LJ %RWK VSHFLPHQVZHUH GHVLJQHG LQ RUGHU WR KDYH D
VWUHVVFRQFHQWUDWLRQIDFWRU tK EHORZ >@7KHVSHFLPHQJHRPHWULHVDUHVKRZQLQ)LJ





















7KH KHDW WUHDWPHQW F\FOH ZDV DV IROORZV SUHKHDWLQJ DW  & DXVWHQLWL]LQJ DW  & JDV TXHQFKLQJ ILUVW
WHPSHULQJ DW  & VHFRQG DQG WKLUG WHPSHULQJ DW  & 7KH PLFURVWUXFWXUH DIWHU WKH KHDW WUHDWPHQW ZDV





)XOO\ UHYHUVHG WHQVLRQFRPSUHVVLRQ WHVWVZHUHFDUULHGRXWE\XVLQJ WKHXOWUDVRQLF WHVWLQJPDFKLQHGHYHORSHGDW
WKH3ROLWHFQLFRGL7RULQR>@,QWHUPLWWHQWWHVWVSXOVHSKDVHDQGSDXVHSKDVHZHUHFDUULHGRXWLQRUGHUWROLPLWWKH
WHPSHUDWXUH LQFUHPHQW LQVLGH WKH VSHFLPHQ+HDWLQJ RI WKH VSHFLPHQZDV FRQWLQXRXVO\PRQLWRUHG GXULQJ WKH WHVW
WKURXJKDQLQIUDUHGWHPSHUDWXUHVHQVRU9RUWH[WXEHVZHUHHPSOR\HGWRUHGXFHWKHFRROLQJSDXVHVDQGWRLQFUHDVHWKH
SXOVHGXUDWLRQ7KHVSHFLPHQWHPSHUDWXUHZDVNHSWLQWKHUDQJHEHWZHHQ.DQG.






6SHFLPHQVZHUHVXEMHFWHGWRFRQVWDQWVWUHVVDPSOLWXGHVUDQJLQJIURP 03D WR 03D LQFDVHRIKRXUJODVV
VSHFLPHQV DQG UDQJLQJ IURP 03D WR 03D LQ FDVH RI *DXVVLDQ VSHFLPHQV 7KLUWHHQ RXW RI VHYHQWHHQ
KRXUJODVVVSHFLPHQVIDLOHGGXULQJWKH9+&)WHVWVDWDQXPEHURIF\FOHVWRIDLOXUHUDQJLQJIURP    u F\FOHVWR
   u F\FOHV(OHYHQRXWRIWKLUWHHQ*DXVVLDQVSHFLPHQVIDLOHGGXULQJWKH9+&)WHVWVDWDQXPEHURIF\FOHVWR
IDLOXUHUDQJLQJIURP  u F\FOHVWR  u F\FOHV)UDFWXUHVXUIDFHVZHUHREVHUYHGE\PHDQVRID6(0LQ
RUGHU WR GHWHUPLQH FUDFN RULJLQV DOO WKH IDWLJXH IUDFWXUHV QXFOHDWHG IURP QRQPHWDOOLF LQFOXVLRQV R[LGHVW\SHV
LQFOXVLRQV([SHULPHQWDOUHVXOWVZHUHDQDO\]HGLQRUGHUWRFRPSDUHWKH9+&)VWUHQJWKVRIWKHWZRVSHFLPHQW\SHV
D E
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4.1. S-N curves 
7KHGLVWULEXWLRQRIFUDFNLQLWLDWLRQVLQWKH59)LJZDVWDNHQLQWRFRQVLGHUDWLRQ$FFRUGLQJWR)LJIDLOXUHV














F\FOHVDERYH  F\FOHV+RXUJODVVVSHFLPHQVH[KLELWD9+&)VWUHQJWKDW  F\FOHVVLJQLILFDQWO\ODUJHUDERXW
 WKDQ*DXVVLDQVSHFLPHQV




$FFRUGLQJ WR WKH0XUDNDPL¶VPRGHO >@ LQ FDVHRI LQWHUQDOQXFOHDWLRQRI FUDFNV IURPQRQPHWDOOLF LQFOXVLRQVRU
GHIHFWVWKH9+&)OLPLWVw GHSHQGVRQWKH9LFNHUVKDUGQHVVHV DQGRQWKHVTXDUHURRWRIWKHSURMHFWHGDUHD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DPSOLWXGHDQGLQSUHVHQFHRI2'$>@WKHLQLWLDOGHIHFWFRUUHVSRQGVWRWKHDUHDGHOLPLWHGE\WKHLQFOXVLRQDQGWKH
2'$ LH  INC ODAarea area  7KH INC ODAarea YDOXHV ZHUHPHDVXUHG E\ XVLQJ DQ RSWLFDO PLFURVFRSH








$FFRUGLQJ WR )LJ  D VLJQLILFDQW GLIIHUHQFH H[LVWV EHWZHHQ WKH 9+&) OLPLW HVWLPDWHG E\ WHVWLQJ KRXUJODVV
VSHFLPHQV   Vw h DQG WKH9+&) OLPLW HVWLPDWHG E\ WHVWLQJ*DXVVLDQ VSHFLPHQV   Vw G  ,Q SDUWLFXODU WKHPHDQ
YDOXH RI Vw h  HTXDO WR 03D  LV VLJQLILFDQWO\ ODUJHU DERXW    WKDQ WKH PHDQ YDOXH RI Vw G  HTXDO WR






Largest inclusion size distributions
2'$V RULJLQDWH DURXQG QRQ PHWDOOLF LQFOXVLRQV WKHLU VL]H GHSHQGV RQ WKH DSSOLHG VWUHVV DPSOLWXGH DQG LQ
SDUWLFXODURQ WKHVL]HRI WKHRULJLQDO LQFOXVLRQ>@ ,QFOXVLRQVL]HDIIHFWV2'$VL]HDQGFRQVHTXHQWO\ WKH9+&)
VWUHQJWK
7KHVWDWLVWLFDOGLVWULEXWLRQVRIWKHODUJHVWLQFOXVLRQVL]HLQWKHWZRVSHFLPHQW\SHVZHUHGHWHUPLQHGDFFRUGLQJWRWKH
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DPSOLWXGHV XS WR IDLOXUH $FFRUGLQJ WR >@ WKH LQFOXVLRQ VL]H ZDV DVVXPHG WR IROORZ D 7\SH , /(9' LH WKH






LQ KRXUJODVV VSHFLPHQV 7KH SHUFHQWDJH RI LQFOXVLRQVZLWK ODUJHU VL]H LV GLIIHUHQW WZR RXW RI VHYHQWHHQ  
LQFOXVLRQVDUHODUJHUWKDQ ȝP LQKRXUJODVVVSHFLPHQVZKLOHVL[RXWRIHOHYHQLQFOXVLRQVDERXW  DUHODUJHU
WKDQ ȝP LQ*DXVVLDQVSHFLPHQV0RUHRYHUWKHODUJHVWLQFOXVLRQLQ*DXVVLDQVSHFLPHQV ȝP LVDERXW 
ODUJHUWKDQWKHODUJHVWLQFOXVLRQLQKRXUJODVVVSHFLPHQV ȝP 7KHGLIIHUHQW9+&)VWUHQJWKLVWKHUHIRUHMXVWLILHG
E\WKHGLIIHUHQWVL]HRILQFOXVLRQVSUHVHQWLQWKHWZRVSHFLPHQW\SHV$FFRUGLQJWR)LJODUJHLQFOXVLRQDUHUDUHULQ




8OWUDVRQLF WHVWV ZHUH FDUULHG RXW RQ KRXUJODVV VSHFLPHQV ZLWK D OLPLWHG 59  PP  DQG RQ *DXVVLDQ
VSHFLPHQVZLWK D ODUJH 59  PP  LQ RUGHU WR DVVHVV WKH LQIOXHQFH RI WKH 6( IDFWRU LQ WKH9+&) UHJLPH
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